Modulation
of ionic channel properties and synaptic functions by neurotransmitters and hormones is called neuromodulation and may be the basis for many long-lasting changes in animal behavior, for example, changes in the arousal or motivational states. We have previously shown in a teleost, the dwarf gourami, that the terminal nerve (TN) cells are a major component of the gonadotropin-releasing hormone (GnRH) system and are structurally independent from the preoptic/hypophysial-GnRH system, which projects to the pituitary and facilitates gonadotropin release from the gonadotropes.
While GnRH fibers originating from TN cells are distributed widely throughout the brain, they do not project to the pituitary. Thus, TN-GnRH system does not function as a hypophysiotropic hormone but probably as a neuromodulator, capable of affecting widespread regions of the brain.
In the present study, we used a whole-brain in vitro preparation to examine the spontaneous electrical activities of TN-GnRH cells and to determine the morphology of individual cells by intracellular injections of either neurobiotin or biocytin. The recorded cells were clearly identified as GnRHimmunoreactive TN cells by using combined intracellular injection and GnRH immunocytochemistry.
Most of the TN cells showed endogenous slow (l-7 Hz), regular beating discharges. The intrinsic nature of this activity was demonstrated by the voltage dependency of the beating frequency, rhythm resetting, and persistence of rhythmicity after synaptic isolation. Only a small number of TN cells showed either irregular or bursting discharge patterns. Anatomical observation of intracellularly labeled cells showed that, regardless of discharge patterns, all the TN cells had multiple axonal branches that project to those areas where we had previously demonstrated dense GnRH-immunoreactive fibers. From the present results, we propose a hypothesis that may be relevant to the peptidergic and monoaminergic neuromodulatory systems in general. The modulator neurons have endogenous rhythmic activities that vary according to the animal's hormonal or environmental conditions, and they regulate the excitability of target neurons in a wide variety of brain regions simultaneously via multiple axonal branches.
[Key words: gonadotropin-releasing hormone (GnRH), terminal nerve, neuromodulation, intracellular recording, intfacellular staining, neurobiotin, biocytin, in vitro preparation] Since the advent of the immunocytochemical techniques, our understanding of the chemoarchitecture of the brain has greatly advanced (Nieuwenhuys, 1985) . One ofthe most interesting and important findings may be that various hormone-like substances are also present in the brain. Nevertheless, the functional significance of such hormone-like substances in the brain is still only poorly understood. The gonadotropin-releasing hormone (GnRH) is one such substance. It was originally purified and identified as a hypophysiotropic hormone that facilitates gonadotropin release from the pituitary. After some technical improvements, it became possible to localize GnRH-immunoreactive (GnRH-ir) cell bodies as well as to detail the distribution of fibers in intact brain preparations by immunocytochemistry (see Silverman, 1988 , for review). The GnRH-ir system of vertebrates is mainly divided into the septo-preoptico-infundibular pathway and the extrahypothalamic projections. Schwanzel-Fukuda and Silverman (1980) first reported that the rostra1 extrahypothalamic GnRH-ir cell groups belong to the terminal nerve (TN). Since then, the GnRH-ir TN system has been recognized in all vertebrate species reported to date (see Demski and Schwanzel-Fukuda, 1987) . We have previously shown in a teleost, the dwarf gourami, that TN cells are a major component of the GnRH system and are structurally independent from the preoptic/hypophysial-GnRH system. The latter is homologous to the septo-preoptico-infundibular pathway of mammals and facilitates gonadotropin release from the pituitary. Thus, GnRH originating from TN cells does not function as a hypophysiotropit hormone but rather as a neuromodulator (Oka and Ichikawa, 1990; Yamamoto et al., 199 1) . In fact, GnRH has been suggested to act as a neuromodulator in peripheral ganglia (Brown, 1983 (Brown, , 1988 Jones, 1987) and CNS (Wong et al., 1990) by inhibiting time-and voltage-dependent K+ current, the M-current. Although there has recently been much interest on the modulation of ionic channel properties by neurotransmitters and hormones (Kaczmarek and Levitan, 1987; Hille, 1992) there is very limited information on the morphological and physiological characteristics of individual modulator neurons per se. In the present study, we have taken advantage of the fact that the entire brain of the dwarf gourami can be maintained in in vitro conditions for relatively long periods of time (Oka, 199 la,b, 1992) . Furthermore, the TN-GnRH cells of the dwarf gourami can be easily identified as a distinct structure of cells clustered immediately beneath the ventral meningeal membrane, thus facilitating easy and stable intracellular recording in the ventralside-up in vitro brain preparation. We examined both the spontaneous electrical activity of TN cells by intracellular recording and the morphology of individual cells by intracellular staining and have determined that TN-GnRH cells possess the prerequisite characteristics necessary to function as a presumptive neuromodulator. We also propose a general hypothesis regarding peptidergic and monoaminergic modulator neurons.
Preliminary accounts of some of these results have appeared in abstract form (Oka, 1991a,b) , and a short report of some of the present results has been published elsewhere (Oka, 1992) .
Materials and Methods
In vitro preparation. A small tropical fish, the dwarf gourami (Colisa lalia), whose TN-GnRH cells have been well characterized morphologically Ichikawa, 1990, 199 1, 1992) , was used. Adult male and female dwarf gouramis, about 4 cm in standard length, were purchased from a local dealer and were kept at 27°C until used. The fish were anesthetized by immersing them in crushed ice. The whole brain was qissected out from a decapitated fish and was pinned ventral side up to the Sylgard base of a small recording chamber. This "whole-brain preparation" was continuously superfused with standard oxygenated Krebs-Ringer solution (Llinas and Sugimori, 1980) . The temperature of the perfusing solution was regulated at 20°C by placing the chamber on a thermoregulator device. Body weights and gonad weights were measured, and the gonadosomatic index was calculated in each fish (indicated as gonad weight/body weight x 100%).
Electrical recording. The intracellular recording electrodes were filled with either 5% biocytin (Horikawa and Armstrong, 1988 ) (Sigma) in 0.5 M KC1 or 2% neurobiotin (Kita and Armstrong, 1991 ) (Vector) in 2 M KCl. The impedance of the microelectrodes was usually 50-90 MO. Signals were amplified by a two-channel bridge current-clamp amplifier (MEZ-8300, Nihon Kohden, Tokyo). Records of voltage and current were stored on a TEAC PCM data recorder (RD-10 1T) for off-line analysis. The data were filtered at 3 kHz, digitized at 2-10 kHz by a personal computer equipped with an A/D converter (ADX-98H, Canopus, Kobe). The digitized data were analyzed and edited by SIGNAS and WAVEMASTER II software programs (Canopus, Kobe), and drawn using a pen plotter (Graphtec, MP4400). The input resistance of the cells were calculated from the slope of the linear regression curve of the Z-V plots, which had been obtained by recording voltage deflections in response to 100 msec, 0.1 nA step current pulses from ~ 1.0 to 0.5 nA. When necessary, the recorded signals were averaged by using an analog trigger controller (ADT-98E, Canopus). In four fish, TN cells were also extracellularly recorded. Glass microelectrodes with partially broken tips were filled with 2 M NaCl (DC resistance, (15) (16) (17) (18) (19) (20) . The signals were amplified by the same amplifier used for the intracellular recording and then a custom-made amplifier; these were processed similarly as in the intracellularly recorded ones. Values are expressed as means + SEM.
Zntrucellulur staining. After the electrophysiological recordings, the neurons were injected with either biocytin (1-5 nA ofeither depolarizing or hyperpolarizing DC current with 100 msec pause per second) or neurobiotin (same amount of depolarizing current) for l-10 min. Resting potentials and spiking activities were monitored during the pause, and the current injection was terminated before the units deteriorated in order to avoid leakage of dyes. One minute of injection was usually enough. After the injections, the brains were kept in the chamber for various time periods to allow for the biotin complexes to diffuse. Survival time of as short as 15 min gave satisfactory results. The brains were fixed for l-2 d in 10% paraformaldehyde containing 10% sucrose. Longer fixation time appeared to reduce the background staining. After embedding in 15% gelatin dissolved in phosphate buffer (PB), the specimens were quickly frozen with powdered dry ice. Serial frozen sections were cut at 64 pm on a cryostat. Most samples were cut sagittally; a few were cut either frontally or horizontally. The free-floating sections were treated as follows, at room temperature: (1) rinsed in 0.1 M phosphate buffer containing 0.7% NaCl and 0.3% Triton X-100 (PBST) and then immersed in 3% H,O, in PBST for 10 min to block endogenous peroxidase activities; (2) rinsed three times and immersed in PBST overnight to make the sections permeable to the reagents; (3) rinsed in PBST and incubated in HRP-conjugated streptavidin (Nichirei) for 30 min; (4) rinsed three times in PBST and incubated in diaminobenzidine (GAB) solution (50 mg of DAB + 3 ml of 0.3% H,O, in 100 ml of 0.1 M PB) for 5-10 min; (5) rinsed three times in 0.1 M PB; (6) mounted on gelatinized slides and dried; and (7) dehydrated and coverslipped.
Some neurons injected with neurobiotin were further double labeled for GnRH immunocytochemistry using Texas red (TR) and fluorescein isothiocyanate (FITC) as fluorescent markers. For this purpose, the brains were fixed in a fixative for immunocytochemistry (Oka and Ichikawa, 1990 ) for 2 d and were cut at 48 pm. The free-floating sections were treated as follows, at room temperature: (1) rinsed three times in PBST and incubated in monoclonal antibody against GnRH (LRH 13; see Oka and Ichikawa, 1990) overnight; (2) after a thorough rinse in PBST, incubated in streptavidin-TR conjugate (GIBCO/Bethesda Research Laboratories; diluted 360 times) for 1.5 hr and rinsed three times in PBST; (3) incubated in biotinylated anti-mouse IgG for 30 min and rinsed three times in PBST; (4) incubated in streptavidin-FITC conjugate (Biomeda; diluted 20 times) for 1.5 hr and rinsed in PB; and (5) mounted in glycerol and coverslipped. Under this procedure, neurobiotin-injected cell bodies and fibers were labeled with TR, while GnRH-ir cell bodies and fibers were labeled with FITC. The sections were observed under epifluorescent microscopy for the presence of both neurobiotin labeling and GnRH immunoreactivity, using G exciter filter combination for TR and B combination for FITC.
The intracellularly labeled cell bodies and fibers were drawn with the aid of a camera lucida. They were reconstructed and illustrated on a representative parasagittal or frontal sections. In the early part of the experiments, Lucifer yellow was also used (25 units). Microelectrodes filled with 5% Lucifer yellow CH dilithium salt (Sigma) dissolved in distilled water (DC resistance, were injected by hyperpolarizing current pulses with similar parameters as in biotin injections. After fixation, the brains were cut serially at 50 pm on a cryostat. The sections were thaw mounted on slides, dried, and coverslipped by using glycerol-gelatin. They were observed under epifluorescent microscopy with G exciter filter.
Results
The TN-GnRH cells are by far larger than the other cells in telencephalic areas and form a distinct structure of cells clustered beneath the meningeal membrane (Oka et al., 1986; Ichikawa, 1990, 1991) . Therefore, they could be easily penetrated from the ventral side with the aid of a dissecting microscope. The cells were penetrated at depths immediately beneath the meningeal membrane (about 50 pm in thickness) up to 200 pm from the ventral surface. The data presented below were obtained from 158 TN-GnRH cells of 102 fish brains in vitro. Most of the intracellularly recorded units were stained after recording, and could be morphologically identified as type I TN cells (Oka et al., 1986; Oka and Ichikawa, 1991) , which are known to be immunoreactive to GnRH Ichikawa, 1990, 1992) . Because all the recorded units showed spontaneous discharges, the measurement of true resting potentials was difficult. Therefore, the value of the membrane potential at the start of rising phase of membrane potential oscillations was operationally defined as the resting potentials. Units with such resting potentials negative to -30 mV were used for the electrophysiological analysis (-46 ? 9 mV, n = 118). They had mean input resistance of 90 & 24 MO (n = 15). Units with resting potentials less negative than -30 mV (32 units) could also be injected with dyes and gave satisfactory labeling. Eight units were recorded extracellularly.
Types of spontaneous discharges All the TN units recorded in the present study showed spontaneous electrical activities. They were tentatively classified into were also observed in TN-GnRH cells, although they were encountered far less frequently. Eleven percent of the units (13 of 118 units in 6 of 81 fish) showed irregular spontaneous discharges ( Fig. 2A-C) . The percentage became much smaller when other units with smaller resting potentials were taken into account, because almost all of the latter showed regular beatingtype membrane potential oscillations. This type of discharge was characterized by prominent fast afterhyperpolarizations following the spikes, which are not always evident in the beating discharge mode. Another feature is the small irregular voltage fluctuations during the interspike intervals ( Fig. 2A) . Spike durations (7.1 ? 1.1 msec, n = 9; range, 5.4-9.4 msec) were shorter compared with that of the beating discharges (p < 0.1, Student's t test).
Bursting discharges. Others (7 of 118 units in 3 of 8 1 fish) displayed spontaneous bursting with prominent interburst silent periods ( Fig. 3A-C) . The unit in Figure 3 was bursting at about 10 set intervals with interburst periods of about 2 sec. Figure   3B shows this bursting pattern is the progressive broadening of the action potentials during the burst (Fig. 3C ).
Intrinsic nature of beating discharges
In order to demonstrate that the beating rhythm is intrinsic to the TN cells and is not driven synaptically from other pacemaker neurons, we examined whether the TN cells that showed beating discharges fulfill the following three criteria (cf. Alving, 1968; Benson and Adams, 1989) : (1) dependency of discharge frequencies on the injected DC currents, (2) rhythm resetting by exogenously applied current pulses, (3) persistence of pacemaker activities under synaptically isolated conditions. First, the frequency of both full-spike and subthreshold beating discharges was increased by a depolarizing DC current injection but was decreased by a hyperpolarizing current injection (Fig. 4) . The TN cell shown in Figure 4A was discharging full spikes in a beating mode with the spikes occurring as doublets. Not only did injection of a 0.3 nA depolarizing current change the spikes from doublets to triplets, but it also increased the frequency of spike pairs. In contrast, hyperpolarizing currents of 0.3 and 0.5 nA made the spikes singlets and decreased the spike frequency. The relationship between injected currents and spike frequencies in another cell is illustrated in Figure 48 . The relationship was almost linear in the current range used in the present experiment. The frequency of subthreshold membrane potential oscillations were also modified by current injections in a similar manner (Fig. 4C ). These observations also support the notion that the subthreshold membrane potential oscillations are pacemaker activities without somatic spikes (see above). It may be further argued that the subthreshold oscillations are not EPSPs evoked by inputs from other pacemakers because the frequency of extrinsic EPSPs would not be modulated by current injections to the recorded cells.
Second, brief hyperpolarizing current pulses reset the beating rhythm ( Fig. 5A,B) . The TN cell shown in Figure SA was discharging full-spike doublets or triplets in a beating mode. Brief (100 msec) hyperpolarizing current pulses (0.7-0.9 nA) evoked anode break spikes in these cells. The arrowheads indicate normal occurrence of spikes predicted from undisturbed intact activities. After the current pulses, a new beating cycle is started at the normal cycle period, established not from the preceding spikes but from the imposed anode break spikes. That is, the beating rhythm is reset by the current pulse injections. Similarly, the subthreshold membrane potential oscillations were also reset by current pulse injections (Fig. 5B ). In this case, hyperpolarizing current pulses of 1 nA did not evoke anode break spikes, but the peak of the voltage deflection immediately following current pulses was delayed compared to the timing predicted from undisturbed intact activities (arrowheads). Third, when TN cells were synaptically isolated from other neurons by adding 3 PM TTX to the perfusing solution, the action potentials disappeared, but small subthreshold membrane potential oscillations still remained (Fig. 6 ). These subthreshold oscillations were quite similar to those observed in normal perfusing solutions (Figs. 4C , 5B, 7B).
Taken together, these results clearly indicate that the spontaneous beating rhythm of the TN-GnRH cells is not driven synaptically from other pacemaker cells but is endogenous to these cells, and furthermore, that the small membrane potential oscillations recorded in the soma (Figs. 4C , 5B, 6B, 7B) are not EPSPs but "pacemaker potentials" that originate from intrinsic properties of the ion channels of the TN-GnRH cells. In addition, the pacemaker activities of the TN cells are not sensitive to TTX, which may suggest an involvement of low-voltageactivated Ca2+ current (cf. Connor, 1985; Grace and Onn, 1989; Aghajanian, 1990; Sanchez and Ribas, 199 1; Yung et al., 199 1) or TTX-resistant persistent Na+ current (Alreja and Aghajanian, 1991; Raggenbass et al., 1991) in the generation of pacemaker potentials. This point should be clarified in future studies. Although the pacemaker potentials were evident in most of the beating TN units as smooth and gradual depolarizations during interspike intervals (Fig. lA,B) , some showed less steep pacemaker potentials (Fig. 7A,B) . In these cases, the spikes displayed inflections in their rising phase (Fig. 7B,C, arrowheads) , and the spikes often failed at these inflections (Fig. 7B ). It should be noted that the frequency of pacemaker potentials is the same regardless of the occurrence of action potentials (compare Fig.   7A ,B, see also Fig. 6A,B) . Furthermore, 4 1% (40 of 98 units) of the beating units showed only subthreshold membrane potential oscillations with less steep pacemaker potentials (e.g., Fig. 4C , resting potential = -53 mV). These observations clearly indicate that the pacemaking mechanism and the action potential generation are independent. The subthreshold membrane potential oscillations may be regarded as pacemaker activities in the absence of somatic spikes (see Junge and Moore, 1966; Taut, 1966) . The failure of somatic spikes may be related to the excitabilities of the TN soma.
Because the occurrence of irregular and bursting discharges was low, the nature of these discharges could not be further analyzed in the present study. Spontaneous discharge frequencies and modes The frequency of beating discharges ranged from 0.9 to 6.7 Hz (see above) and varied among different fish. In some intracellular recordings in which several different units were recorded from the same preparations, correlation between frequencies of different units (faster and slower) was examined (Fig. 8) . The correlation coefficient (r) of the faster and slower units in the same preparation was 0.92 (Y = 0.95X -0.43), which suggests that the different units recorded from the same preparation show similar discharge frequencies. This correlation was also observed in extracellular recordings. Figure 9 shows an extracellularly recorded units displaying a beating discharge pattern. As shown in records in Figure 9 , A and B, different units recorded from the same preparation usually showed similar frequencies of discharges. This situation is also evident in recordings where activities of two adjacent units are simultaneously recorded (Fig.  9B , larger and smaller spikes, expanded in C); these two units discharge at similar frequencies. It should also be noted that they are not phase locked nor are they discharging synchronously. From these results, it may be hypothesized that the frequencies of beating discharges arc related to the physiological conditions of the fish. They were not, however, related to the sexual difTerence. Another important finding is that the type of spontaneous discharge was similar among different units recorded from the same preparation. For example, once a beating unit is recorded, all the other units recorded in the same fish were also beating units with similar frequencies (in 15 of 15 such cases; Fig. 8 ; see also Fig. 9A,B) . Similarly, once an irregular unit is recorded, all the other units recorded in the same fish were also irregular units (in 4 of 4 such cases). This was also true for the bursting units (in 2 of 2 such cases). It should be stressed again, however, that the morphologies of all these units were fundamentally the same (see below). This indicates that different discharge modes do not arise from different subtypes of TN-GnRH cells. Thus, it may be hypothesized that TN-GnRH cells can shift from one discharge mode to another, dependent on physiological conditions of the fish.
Morphology of intracellularly labeled TN-GnRH cells
After recording, the cells were injected with either Lucifer yellow or biotin complex (biocytin or neurobiotin), and their morphology was examined (Figs. 10-15) . We found out that the . The beating rhythm is reset by brief hyperpolarizing current pulses. The cell in A is discharging full-spike doublets or triplets in a beating mode. Brief (I 00 msec) hyperpolarizing current pulses (-0.7 to 0.9 nA) evoked anode break spikes in these cells. The arrowhcuds indicate normal occurrence of spikes predicted from undisturbed intact activities. After the current pulses, new beating cycle starts at a normal cycle period, not from the preceding spikes but from the imposed anode break spikes. Similarly, the subthreshold membrane potential oscillations were also reset by current pulse injections (B). In this case, hyperpolarizing current pulses of I nA did not evoke anode break spikes, but the peaks of the membrane potential oscillations immediately following current pulses were delayed compared to the timing predicted from undisturbed intact activities (arrowheuds).
biotin complexes, biocytin (Horikawa and Armstrong, 1988) and neurobiotin (Kita and Armstrong, I99 l), give far superior labeling than Lucifer yellow, and that they arc suited for rcconstruction oflabeled profiles from serial sections. We could detect no differences between the sensitivity of biocytin and neurobiotin. Therefore, the following description is based on findings using the biotin complexes. In addition, some neurobiotin-injetted cells were double labeled for GnRH immunocytochcmistry using TR and FITC as fluorescent markers (Fig. IOC-F) . processes (cf. Oka and Ichikawa, 1991) . From their morphological features and locations, all the intracellularly labeled TN cells in the present study could bc identified as type I TN cells of Oka et al., which are immunoreactive to GnRH (Oka et al., 1986; Ichikawa, 1990, 199 I, 1992) . When the intracellular dye injection was confined to a single cell, the labeled ccl1 appeared singly; that is, there was no dye coupling. This result agrees with the lack of gap junctions among the neighboring TN cells (Oka and Ichikawa, 199 1) and the lack of synchronization of neighboring units (see Fig. 9C ). Thus, it may be concluded that the TN-GnRH cells usually are not electrotonically coupled with each other. Morphological characteristics common to all the labeled TN cells were the numerous dendritic branches in the vicinity of the cell bodies and the olfactory bulb (Fig. 1 l&B) , and relatively thicker axons (arrowheads in Fig. 1 IA,@ that arch through the ventral telencephalon and preoptic area to project caudally (Figs. 12-l 5). Usually, the axon gave off several thick and thin collaterals immediately after leaving the soma. These axon collaterals ran caudally and branched in the ventral tclcncephalon and preoptic area. In all of the labeled TN cells, some of these axon collaterals turned rostroventrally and entered the optic nerve (arrowheads in Figs. 12-l 4, ON) , while other branches projected farther caudally, or in some cases rostrally, to innervate all the areas where dense GnRH-ir fibers have been dem- onstrated previously (Oka and Ichikawa, 1990) . These include ventral and dorsal telencephalic areas, preoptic areas, thalamus, inferior lobe of hypothalamus, midbrain tegmentum, torus semicircularis, and optic tectum (Figs. 12-I 5; for the brain atlas, see Oka and Ichikawa, 1990) . Projection areas of a single TN cell are considerable. Figures 12, 13 , and 15 illustrate labeled profiles after unilateral single-cell injections. In these cases, fragments oflabeled profiles were observed in all the sagittal sections on both sides of the brain except for the most lateral part, 1 OO-300 pm from the lateral edge of the brain. The contralaterally projecting axons crossed at various levels, for example, in the anterior commissure, posterior commissure, tectal commissure, and ventral tegmentum (solid triangles in Figs. 12-14) . Rostrocaudally, the projection areas usually ranged from the olfactory bulb to the midbrain or medulla, and in some cases, as far as the rostra1 spinal cord (Fig. 12,4) . This explains how a small number of TN-GnRH cells (IO-20 on each side; Oka ct al., 1986) can be the source of widespread GnRH-ir fibers. Thus, the TN-GnRH cells may be one of the most widely projecting neurons throughout the vertebrate brains. There were, however, some minor differences in the projection areas. The TN cell in Figure 12 mainly projected to the olfactory bulb, midbrain tegmentum, optic tectum, and medulla 
Discussion
The present article has demonstrated that the TN-GnRH cells have spontaneous discharge activities that are endogenous in origin and that each individual cell has multiple axonal branches that project to amazingly diverse regions of the CNS. These properties may be important for their possible role as a neuromodulator.
Identification of TN-GnRH cells
The TN system ofvertebrates has received much attention quite recently (see Demski and Schwanzel-Fukuda, 1987) since this system was found to contain GnRH-ir substance(s) (for review, see Silverman, 1988) . However, the functional significance of this system is still poorly understood. WC have recently dem-\ cephalon.
onstratcd Ichikawa, 1990, I99 1, 1992; Yamamoto et al., 1991) that TN cells are a major component of the GnRH system and are structurally independent from the preoptic/hypophysial-GnRH system, which facilitates gonadotropin release from the pituitary. The GnRH-ir TN cells correspond to the type I TN cells of Oka et al. (1986) which have large cell bodies (20-30 pm in diameter) and make up a single large cluster just beneath the meningeal membrane on each side of the brain. It has been further confirmed that all the type I TN cells and no other cells in the neighboring areas are immunoreactive to GnRH (Oka and Ichikawa, 1992) . The other category of TN cells, type II TN cells, are smaller (about 10 pm in diameter), GnRHimmunoncgative (Oka and Ichikawa, I99 I, 1992) cells that are scattered around the type I cell clusters. These project to the retina (Oka et al., 1986) . Both types of TN cells are separated from other telencephalic cells by the medial olfactory tract fibers and other neuropil (see Fig. 1 of Oka and Ichikawa, 199 1). Thus, Many thin varicose fibers, presumably dendrites, invade the olfactory bulb (OB). The axon branches into numerous collaterals immediately after leaving the soma: these run caudally and branch in the preoptic area. Some turn rostroventrally and enter the optic nerve (ON; the labeled fibers were cut at urrowheudsduringdissection)whileother branches project to the dorsal thalamus, inferior lobe (IL) of hypothalamus, midbrain tegmcntum, and optic tcctum (On. Labeled fibers were seen as far caudally as the medulla (M) and the rostra1 spinal cord (this figure) . In addition, some axons cross to the contralateral side (B) at various levels, for example, in the anterior commissure. posterior commissure. tectal commissure, and ventral tegmentum (solid rriangles). and project widely on the contralateral side. T, telencephalon; PIT, pituitary; CoCb. corpus cerebellum.
TN-GnRH cells could be quite easily identified during the experiments. In fact, all the cells recorded and stained in the present experiments could be identified as type I TN cells. Doublelabeling experiments using combined neurobiotin and GnRH immunocytochemistry (Fig. 10) clearly demonstrated the validity of this cell identification. Subdivision of TN cell types has also been reported in other vertebrates including teleosts (Crapon de Caprona and Fritzsch, 1983; Matsutani et al., 1986; Stell et al., 1987; Uchiyama, 1990) , elasmobranchs (Dcmski and Fields, 1988) , amphibians (Wirsig and Getchell. 1986 ), birds I990) , and mammals (Wirsig and Leonard. 1986 ). The nature of GnRHimmunonegative TN cells is less well known except for possible immunoreactivity to vasoactivc intestinal peptide and ChAT (rat, Schwanzel-Fukuda et al., 1986) or AChE activity (hamster, Wirsig and Leonard, 1986; amphibians, Wirsig and Getchell, 1986 ). They were not studied in the present study.
CoCb :I ~vpcs qf sponraneous discharges
All the TN cells recorded in the present study showed spontaneous activities, which could be classified into three categories: beating, irregular, and bursting. Because of the low occurrence of the latter two modes, only the nature of the beating mode was analyzed in the present study.
Bearing discharge mode. The beating discharge mode has been relatively well studied in molluscan neurons (Taut, 1966; Junge and Moore, 1966; Alving, 1968; Connor, 1985) . This type of activity has been shown lo be endogenous to the neuron. That is, the beating activity is not driven by rhythmic synaptic inputs, and the cells function as pacemaker neurons. Regular spontaneous discharges of TN cells have also been noted by previous workers who studied the TN cells of some teleosts (Fujita et al., 1985 (Fujita et al., , 1991 and elasmobranchs (White and Meredith, 1987) . However, they were not identified as GnRH-ir TN cells, and the intrinsic nature of spontaneous discharges was not examined.
In the present study, we have demonstrated that the beating rhythm of TN-GnRH cells is endogenous based upon the following criteria: (1) the discharge frequency was dependent on injected DC currents, (2) the beating rhythm was reset by current pulse injections, and (3) the pacemaker activities persisted under synaptically isolated conditions. It has been suggested that the low-frequency, repetitive discharge of the kind observed in molluscan neurons such as Ll 1 can be predicted using the inward Na+ and the fast (A current, IA) and delayed K+ outward currents in combination with an inward leakage current (Connor, 1978) . IA is considered to play an important role in allowing neurons to encode graded depolarizations into spike train information (Rogawski, 1985) . It has been reported that a persistent inward calcium current and IA are in fact involved in the generation of beating discharge activity of the rat locus coeruleus neurons (Williams et al., 1984) and histaminergic tuberomammillary neurons of the rat hypothalamus (Haas and Reiner, 1988) . In other examples of beating pacemaker cells, involvement of low-voltage-activated calcium current and IA (serotonergic neurons of the dorsal raphe, Aghajanian, 1990 ) and lowand high-voltage-activated calcium currents and inward rectifiers (midbrain dopaminergic neurons, Grace and Onn, 1989) are also implicated. Thus, it will be an important aspect of future studies to determine the involvement of various ionic currents in the beating discharge mode of TN-GnRH cells.
The spike duration of TN-GnRH cells, especially during the beating mode, was long compared to that of typical axonal Naf spikes. This may imply a contribution of high-voltage-activated calcium currents to the spike generation, although the shoulder on the repolarization phase of the action potential (Williams et al., 1984; Bourque and Renaud, 1985; Renaud, 1987; Sanchez and Ribas, 199 1; Yung et al., 1991) was not prominent in the present experimental conditions. The long spike duration may also depend on the nature of conductances involved in the repolarization phase of the action potential. It has been suggested that failure of spike propagation at highly branched axonal network is less likely to occur with a broad action potential (Westerfield et al., 1978) . Because TN-GnRH cells have highly branched axons, the long duration of action potential may give a good safety margin for impulse propagation.
Irregular and bursting discharge modes. Although the nature of these discharge modes could not be studied in detail, it is l Electrophysiology and Morphology of GnRH Cel l s i n vitro Figure 14 . Illustrations of intracellularly labeled TN-GnRH cells reconstructed from serial sag&al sections and drawn on a representative parasagittal plane. Biocytin was injected into a single neuron on each side. See Figure 12 caption for abbreviations and explanation.
B
possible that the ionic mechanisms underlying these discharge modes are different from those of the beating discharge mode. The irregular discharge mode was characterized by short-duration spikes with fast afterhyperpolarization, while the bursting discharge mode was characterized by acceleration and broadening of spikes. Acceleration of spikes during bursting has been observed in bursting pacemaker neurons such as crustacean X-organ neurons (Martinez et al., 199 1) and has been ascribed to the modification of K+ current kinetics by Ca2+ during the burst. The spike broadening during bursting has been reported to result from progressive inactivation of the delayed-rectifier potassium current (Aldrich et al., 1979) . Bursting discharge with the above-mentioned characteristics has often been reported in neurosecretory neurons of both vertebrates and invertebrates (Aldrich et al., 1979; Renaud, 1987; Partridge and Swandulla, 1988; Benson and Adams, 1989; Martinez et al., 199 1) . In fact, it is generally accepted that periodic bursts of action potentials are more effective stimulus for the secretion of hormones than a regular pattern of firing (Dutton and Dyball, 1979 ; but see Peng and Horn, 1991) . It is therefore speculated that GnRH release from TN-GnRH cells and fibers may be facilitated during bursting discharge mode.
Although the occurrence of cells with bursting and irregular discharge modes was very low, such activities probably are not artifacts of electrode penetrations because the pattern of discharge was the same among different units in the identical preparation. Furthermore, similar transitions between beating and bursting discharge modes have been reported in other putative neuromodulator systems, for example, the rat nigral dopamine neurons Bunney, 1983, 1984a,b) , and the rat noradrenergic neurons of the locus coeruleus (Marshall and Finlayson, 1988) . In the former case, calcium ion has been suggested to play an important role in the transition between these two modes (Grace and Bunney, 1984a,b) . In the rat magnocellular neuroendocrine cells, Ca2+ influx and Cal+-dependent spike aftercurrent are thought to play essential roles in burst generation (Bourque, 1986; Andrew, 1987) . In molluscan pacemaker neurons, it has been demonstrated that the CaZ+ conductance and
the Ca2+-activated K+ conductance are appreciably larger in the bursting pacemaker neurons R15 than in the beating pacemaker neuron Ll 1, and these are quantitative rather than qualitative differences in membrane and cytoplasmic properties (Gormann and Hermann, 1982) . Thus, it is possible that TN-GnRH cells undergo transitions among different discharge modes via quantitative changes, or modulation, of intrinsic ionic channel properties, which might arise from synaptic or hormonal inputs to TN-GnRH cells. Conventional synaptic inputs to TN cells have been demonstrated ultrastructurally (Matsutani et al., 1986; Zheng et al., 1990; Oka and Ichikawa, 1991) or electrophysiologically (Fujita et al., 1985; White and Meredith, 1987) Oka and Ichikawa (1990, their Fig.  1 ). D, dorsal telencephalon; V, ventral telencephalon; AC, anterior commissure; POA, preoptic area; OTr, optic tract; PIT, pituitary; OT, optic tectum; PC, posterior commissure; T, thalamus; TS, torus semicircularis; IL, inferior lobe ofhypothalamus; TLo, torus longitudinalis; TEG, midbrain tegmenturn; SV, saccus vascularis; M, medulla. Nuclear boundaries are not indicated for clarity. For the brain atlas, see Oka and Ichikawa (1990) .
at least two morphologically distinct synaptic inputs on TNGnRH cells (Matsutani et al., 1986; Oka and Ichikawa, 199 1) . In addition, there may be nonsynaptic inputs onto the TNGnRH cells (see Thureson-Klein and Klein, 1990 ).
An interesting and possibly important implication of the transition among different discharge modes is that TN-GnRH cells may release GnRH during bursting discharge modes whereas they release other nonpeptidergic cotransmitters during beating mode. Similar possibility has been suggested in some neuronal systems such as ApZysiu neurons (Whim and Lloyd, 1989) , preganglionic C-neurons of the bullfrog (Peng and Horn, 1991) and noradrenergic neurons of locus coeruleus (Marshall and Finlayson, 1988) . It has been reported that goldfish TN cells are * Electrophysiology and Morphology of GnRH Cel l s in vitro also immunoreactive to FMRFamide and the N-terminal region of substance P in addition to GnRH; it is likely that other conventional transmitters may yet be identified in the TN (Stell et al., 1987) . The present in vitro preparation should prove to be useful for testing this possibility, because not only can the spontaneous discharge modes be modified experimentally, but GnRH release into the perfusing solution can be measured simultaneously in the same preparation.
GnRH as a neuromodulator We have proposed that GnRH originating from TN cells does not function as a hypophysiotropic hormone but rather as a neuromodulator (see above and Oka, 1992) . In fact, we have demonstrated that TN-GnRH cells of the dwarf gourami show ultrastructural features indicative of high occurrence of exocytosis (Oka and Ichikawa, 199 1) and fiber varicosities, which are filled with GnRH-ir dense-cored vesicles (Oka and Ichikawa, 1992) . However, we could find no evidence of GnRH-ir synapses that are characterized by active zones. Thus, we suggested that GnRH is released nonsynaptically from dense-cored vesicles containing fiber varicosities and that it exerts its modulatory action on GnRH receptors located on nearby as well as distant target neurons (Oka and Ichikawa, 1992) .
Although the possible neuromodulator functions of GnRH have been relatively well studied in peripheral ganglia (for reviews, see Brown, 1983 Brown, , 1988 Jones, 1987) , much less information is available in the CNS (Wong et al., 1990) . In the rat hippocampus, GnRH induces a long-lasting depolarization associated with increased input resistance, a decrease in the afterhyperpolarization following a train of action potentials, and a reduction in accommodation ofrepetitive cell discharge (Wong et al., 1990) . In the teleost retina, which receives dense projection of GnRH fibers arising from TN cells, TN-GnRH fibers are known to synapse on dopaminergic interplexiform cells (Zucker and Dowling, 1987) , and GnRH and other neuropeptides affect the retinal ganglion cell activity (Walker and Stell, 1986) . Thus, it will be an interesting future project to study neuromodulatory action of GnRH on GnRH target cells (such as olfactory bulb, ventral telencephalon, etc.) and its relation to various spontaneous discharge modes by taking advantage of the whole-brain in vitro preparation.
Morphology of TN-GnRH cells
To our knowledge the present article may be the first report to reveal complete profiles of a single peptidergic neuron including its axonal projections throughout the brain. The projection areas of TN-GnRH cells ranged from the olfactory bulb to the spinal cord, and from the medial to the most lateral part of the brain of ipsilateral as well as contralateral sides. Thus, TN-GnRH cells may be one of the most widely projecting neuronal systems in the vertebrate brain. The morphology of the cell bodies and proximal processes of carp TN cells has been described first by Fujita et al. (1985) . Although it is not clear whether they are immunoreactive to GnRH, they look similar to the TN-GnRH cells of the dwarf gourami; both TN cells bear numerous fine and tortuous dendritic processes and somatic processes. Some of these somatic processes probably take part in the formation of "glomeruloid complex" (see Oka and Ichikawa, 199 l) , which may be involved in nonsynaptic intercellular communications.
There has been only one previous report on the projection of TN cells (in goldfish, von Bartheld and Meyer, 1986) which, however, used extracellular anterograde cobalt filling method. Common features of peptidergic and monoaminergic systems Interestingly, physiological and morphological features similar to those of TN-GnRH cells have been reported in other putative neuromodulator systems. These include serotonergic neurons in the dorsal raphe (Aghajanian, 1990) , noradrenergic neurons in the locus coeruleus (Williams et al., 1984; Marshall and Finlayson, 1988 ) dopaminergic neurons in the substantia nigra and ventral tegmental area (Grace, 1988, 199 l) , and histaminergic neurons in the hypothalamus (Haas and Reiner, 1988) . All of these neurons show spontaneous beating discharge patterns that probably arise from intrinsic ionic channel properties of their own. Presumably, such endogenous rhythmic discharge patterns are one of the essential features common to all peptidergic and monoaminergic modulator neurons. Similarities between these modulatory neurons and the TN-GnRH system are also evident in their patterns of projections. Although there has been no intracellular staining and tracing of axonal projections comparable to the present study, it has been demonstrated by immunocytochemical methods that serotonergic, noradrenergic, dopaminergic, and histaminergic projections are widely distributed throughout the brain while these substances are synthesized by rather small numbers of neurons whose soma are restricted to discrete loci (Nieuwenhuys, 1985; Wada et al., 1991) . Neuronal systems showing morphological features like these correspond to the "nonspecific or diffuse neuronal systems" as described by Nicoll et al. (1990) . Thus, the morphological and physiological characteristics of TN-GnRH cells, as demonstrated in the present study, are not specific to this system but are features that are shared with other modulator neurons, including monoaminergic and peptidergic neurons.
Hypothesis
From the results of the present studies on the electrical activities and morphology of TN-GnRH cells of a fish brain in vitro and those of our previous studies (Oka and Ichikawa, 1990 Yamamoto et al., 199 l) , we propose a general hypothesis regarding modulator neurons (cf. Fig. 4 of Oka, 1992) . Modulator neurons have spontaneous oscillatory activities that originate from the intrinsic ionic channel properties of their own membranes. These ionic channel properties are themselves subject to modification by various extrinsic factors, for example, hormonal, pheromonal, environmental, and so on, which finally act on the modulator neurons through hormones or neurotransmitters. This may result in the ability of modulatory neurons to alter their own beating discharge frequencies or to switch among different discharge modes (see Spontaneous discharge frequencies and modes, in Results). In other words, the animal's physiological conditions may be encoded in the frequency and/ or pattern of discharge of modulator neurons. These modulator neurons, in turn, can regulate simultaneously the excitabilities of target neurons in a wide variety of brain regions via extensive, multiple axonal branches.
Given the above-mentioned fundamental similarities to other putative neuromodulator systems, as well as the obvious technical advantages afforded by the in vitro whole-brain preparation, the TN-GnRH cells of the dwarf gourami may prove to be an ideal model for detailing the general physiological mechanisms of modulatory systems.
